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Abstract. Obscrva[ions  by Ibe Ulysses SWOOPS plasma cx-
perimcn[  arc user! [cr invcs[iga[e  spa[ial and [ernpcwal gradien[s
during  the mission, will) emphasis on more recent high la[i-
lude csbservations  including [he recen[ South Pole 10 North Pole
prrssagc  during solar n~inin]um.  Compared IC) lower latitudes.
the high latitude solar wind had higher average spcecf, protcm
temperature, and n]on]cn[um  tlux. and lower number flux den-
sity. As the average n~omentum flux obscrvcct in the high speed
wind was  2 17G greater than at the equa[or,  during  solar nlinimum
the distance to [he heliopausc  will be compara[ivcly  less in the
solar equatorial plane than over [he poles. l-he long tern~ ten]-
poral gradients of momcnturn flux oiler the life of the mission
al-e considcrab]y  larger than the la[i~udinal gradient observed
by Ulysses during solar nlinin]um.  A modesl Nor[h-Soulb  hi~h
latitude asymmetry is otrservcd in [he plasma parameters; [he
vc]oci[y is on the average 13 kntis to 24 kn~s  greater at North-
ern Ia[itudes  than at Southern, and [empera[ure  is also higher.
‘1’hc Nor[b-Sou[b [empcrature asymmetry is grea[er  than can
be explained by [he Nor[h-Sou[h  veloci[y difference and the de-
pendence of solar wind temperature upon speed. T“hc power law
dcpcndcncc  of temperature on helioccn[ric dis[ance,  r, at high
latitudes is in range r- Os”O- t 03, !vhrre T- Osl is the Southern
Ia[itude result and r-” 103 [he Nor[hcrn.  The paranletcr 2’/711/2,
\\, hcrc 1’ is mmpcra[ure  and n is proton number density, can be
he[[cr prcclictcd  from speed than con [empcra[ure  alone. Ccm~-
parison wi[h calctrla[ions based on source ntodels and n]agnelo-
~raph data indica~c that the expansion ofopcn  coronal field lines
CIOSC  to the Sun was greater in d]e Southern hemisphere than
in [hc Nor[hcrn; this an[icorrcla[ion  wilh [he expansion factor
is Lonsislcnt  wi[h prcvirstrs observational and theoretical work.

Iicy words: Sun: solar  wind - inlcrl~l:tnct:]ry medium

1. Introduction

We repor[  on solar wind proton observations of the Ulysses
SWOOPS plasma experiment (Bame et al. 1992) obtained at
high heliographic Ia[i(udes  and during the recent passage from
high Southern [o high Northern latitudes. lle Ulysses spacecraf[
was launched in C)ctober of 1990, encountered Jupi[er in Febru-
ary of 1992, and was deflected at Jupiter encoun[er  towards
hi:h Soulbcrn  lati!udcs.  I“he S~utl)er[]-mos[  latitude  of .fjoowacc
rcachcd September 13, 1994; Ulysses crossed the heliographic
equa[or  on March 4 of 1995, and reached highest Northern lati-
tudes of 8f3con July 31, 1995. I’he measurements obtained dur-
ing [hc rapid ]a[itL]de  Iravcrsal  from -Soolo 80 °(rcferred to herein
as the fast latitude scan) arc a primary topic of investigation of
this paper. Since the fmt latitude scan occur[ed during the min-
imurrl of the solar cycle when [hc current sheet is close to the
equator, clear and systematic differences between the high lat-
itude and low latilude obscr~’ations are apparent that might not
be seen at other limes in the solar cycle. The variation with la[-
itude clf solar wind speed. number flux, momentum flux, and
[ernperxrture are investigated as a function of latitude during the
fas[ Iati[ude scan; for the purposes of comparison we have also
investigated r~idial and solar cycle behaviors of these parameters
as nccdrd.

2, South-to-north polar pass: overview

An overview of the Sou[h  to Nor[h  fast Iati[udc  scan data is
provided os 12 hour avera:cs  in Fig. 1. This interval has been
previously discrrsscd (Phillips el al. 1995) in a s[udy of latitudi-
nal gradients, in terms of coronal sources (Gosling et al. 1995),
ond dynamical stream infractions (Gosling CI al. 1995). Shown
in a s[ackd  panel plot aS a function ofhciiographic  latitude for
the period of [hc South 10 Norlh  polar pass arc wrrious  paran~-
c[crs: ti) Uppermost panel shows solar wind speed, b) scaled
mt)n~entun~  flux in unils of 10s d~ncs cm-”2AU2. c) scaled pro-
[~~n dcnsi[y  in en]- 3AU2, d) scalc~ro[on number  IIUX in units.
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01 lo~cln-~s ‘1 AU2, and c) ion temperature in K (dashccf line),
and dis[ance,  T, of Ulysses from [hc Sun in AU, solid line. 3’hc
parame[crs  in b,c.d have all been scaled to I ALJ by multiplica-
tion by r2. ‘Me variable plo[[ed as tcrnpcraturc  in Fig. lC is in
fact the radial component of the tcrnpcralure  tensor for reasons
discussed in the section below on tempcralurc gradients. Sev-
eral fca[urcs arc of in[cres[.  F“irsL, the entrance 10 ancJ exit from
the low Iotitudc streamer belt is quite abrupt, A[ high latitudes,
speed is high and density is low, similar to wha[ is observed
in high speed solar wind streams at low latitudes. Ascending
in lati[udc from the South pole, al -38.5 °1atiludc Ulysses first
cncountcrcd  tow speed solar wind associakcl  with the Southcrll-
most cxlension  of the streamer belt. Following this brief obscr-
va[ion of slow plasma, Ulysses remained in the high latitude
solar wind until about -22°, al which poin[ there was a forward
shock, a coronal mass ejection (CME) was encountcrcd, and
Ulysses u’as thcrcaf[cr  in low speed smc.amcr  belt plasma. In
[he streamer belt, the veloci[y  was much lower. ‘l-he clcnsity is
most strongly anticorrclated  with the velocity and tcrnperaturc
(compare Fig. 1 a and 1 e with 1 c), whereas the variable that is
mos[ constant across all la{itudes when avera:ed  over sc)lar rc)-
Iations is the proton momentum flux (Fig.  Id); many previous
workers have noted  the constancy of momentunl  flux within
the ecliptic plane (e.g., Schwenn 1990). Note that for all vari-
ables in the low latitude solar wind there are large increases
associated with interaction regions. For further information on
Ihc dynamics and scmrrces within this region sec the Gosling
et al. references; additionally, information on the current sheet
location discussed by Smith et al.(1995).

~. ],atitudina] momentum flux variations

l’o invcs[igate furlhcr the properties of n~ornenturn  flux, wc have
plot[cd  in I’ig. 2 averages (solid line) and medians (dashed line)
over 4°1a[itudc bins of[he solar wind mornenlurn  flux during [he
fast Iatitudc scan. If one examines the morncn[um flux durin~
the South to Norlh Pole passage, a significant decrease of the
momentum flux bctvwcn  -20°[CI  +20 °1atitude is observed. l’his
is the same data 4°averaged  prcsen[ed  in Fig. 2 of Phillips et
al. (!99s).  I’ig. 3 of Phillips e[ al. (199S) shows  a postulated
shape of the beliosphere  based on median \’alucs cjf [he solar
wind morncnturn flux: however. [hc average location c)f the he-
Iiopausc  is presumably deterlnincd by the average nlmnentum
flux rather than Ihc median (slrcam  collisions further from the
Sun form merged interaction regions which further complicate
the issue). Bccacrsc [he interaction regions in low latitude solar
wincl [ypically have Iargc irwreascs  in solar wincl paramciers for
a relatively smcrll frac[icm  of[hr time. averages will bc somewk)a[
Iargcr  than rncdians,  Theda[fi  in Fig. I indica[c that, although Ihc
latitudinal variatit~n (~t’ the awr:]gr  momentum Ilux is Icss than
[hat of [he rwan. [he conclusion of Phillips ct al. ( 1995)  tha[ the
[crminatiwr shtwk sh(mld. during solar minimum. bc clon~atcd
in lhc polar dircclion (i.e.. ““ptanut sbapcd’”)  is still supporlcd,
although the cffcc[ is somcw’hol Icss pronounced than [)ri~inally
sugpcslcct,,l’hr high Iatiludc (grc:\lcr  than 20°) avcrapc rnomcn -

. ..— ..—.. 40 ,  L!

-re”)cmral”r.  -

A L . . . . . . . . ...”....
*C ., ,> .  ,, .0

H.1,..qra”h,,  La!t!urle

Fig. 1. Ulysses plasm:] pirrilmetcrs during the I’asr  lati[udc scan
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Fig. 2. Median and average momentum tlux

IUnl flux is abcmt 2.9 nanoPascals  (nI’), whereas [hc low latitude
flux (less than 20°) is 2.4 nP.

1’0 deternline  to wha[  extent the rrmmenturn  fluxes might be
time variations, and to whal extent the variations arc ciependen[
on solar cycle, in Hi:. 3 we have plotted averages over Barring-
ton rota[ions of solar wind speed and scaled rnorncntum firrx
as a function of heliographic latitude all the data oblained by
Ulysses since Day 351 of 1990. The nlomcnturn  flux is shown
in the Iowcr panel and the speed in the upper panel. Ulysses ini-
tially traveled ou[wards  from the Sun in the ecliptic, resulting
in the large amount of data just souLh of the heliographic equa-
{or. Af(er  Jupiter encounter, Ulysses began  a slow rise to high
Southern latitudes, the dala  from this period are more closely
spaced in la[itudc  than those during the fast Ia[itude  scan. Ex-
amination of the data shows the dip in momentum flux during
the South-North fas[ Ia[itude scan. It can be seen that during the
Jupiter  to Soulh  pole phase the momentum flux was greater at
[he same latitude than during the Sou[h to North pole pass. The
varia[ion of speed and mornen[urn  flux near the ecliptic plane
arc not shown WCII  in the format of Fig. 3, so a separate plot
showing momentum flux and heliographic latitude as a func-
tion of time is shown in Fig. 4. As Ulysses provides essentially
continuous da[a covcragc. the significant variability from rota-
[ion to rotalion of the morncntum  flux during 1991 and 1992 is
presumably the result of CMES interacting with the solar wind
. 1[ is difficult to define a typical value of the momcntrrm flux
during [hc outbound to Jupiler phase of the mission, values as
IOW as 2 ni’ migh[ bc assigned based on the data obtained from
1.5 m 2.5 AU (prior to Mwch 25, 1991), whereas if orrc looks at
data c)b(aincd beyond 2.5 .AU. estimates might bc in the ranyc
3.s-4 nP. l.a~orus and !vlcNutt ( 1990) have used Voyager da(a
(Jbtaincd in the ecliptic t’rorn 1978 through 1989 10 dc[crminc
[hc solar cycle vmia[i(m of the rnomcnlurn  flux. They (ind [hat
during 19X3 [t) 1985. 11 years prior to lhc Ulysses fas[ latitude
scan passage [hroush  the cclip[ic in early 1995. typical momcn[a
Iluxes were ab(mt 3.5 nP. During  the more aclivc porli[m  of’ the
solar  cycle m(mcntum II UXCS V.’crc observed 10 bc l(wcr: lor cx -
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Fig. 3. Speed and scaled n)ornentum  fiux as functions of heliographic
latitude

ample from 1979 through 1981 the value was about 2.2 n~, and
their Iatcsl data (1988 through aboul 1989.3) indicate a value
c)f abcmt 2.5 nl’. For rcfcrencc, Fcynman et al.(1993)  find the
peaks of the last [hrcc solar cycles to occur in 196S.9, 1979.9,
and 1989.9, with the Ias[ peak being rather broad. Schwenn
(1990) finds [hat the mcm]en[ulr] flux is modulated by fi 28%,
wi[h Ihc peak coming two years aflcr the activity maximum. “l-hc
Ulysses data show tha[ the general trend of largest nlomen[um
fluxes occurring during  the declining portion of Lhe solar cycle
holds true in the present solar CYCIC.  Additicmally, comparing
the [emporal variations in rr~on]cntum fluxes with the dip as the
equa[or  was crossed in early 1995, it is apparen[  that althou~h
[he hcliosphcrc should  bc sorncwhat  more exlcndcd  in the polar
dircc[ion lhan the equatorial (peanut shape) at solar minimum,
ttlere arc major long [erm variations of momentum flux over the
solar cycle with big peaks duc to CMF.S.

d. Speed variations: north-south asymmetry, coronal expan-
sion factor

A North  -Soulh asymmctr!’ Olthc solar wind speed was observed
during the fast Iatiludc  scan. Averages of speed over Barring-
ton rotaliurrs  arc shotvn in Fig. 5 as a function of [hc absolute
value olhcliosphcric  Iotitudc: also plot[cd is the coronal cxpan -
siorr factor averaged Over 0 Barrington rotalion al Ibc Iatilmlc  of
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Fig. 4, Scaled n~omcnlurn flux and heliographic la(i~ude throughout the
mission

Ulysses. Ekpansion fac[or as used herein is defined as lhc faclor
by which a magnetic flux tube expands bc~wcen the photospherc
and 2.5 solar radii relative 10 Tz expansion. F.xpansion  factors
were calculated as follows: magnctograph  da~a from the Wilcox
Solar C)bserva[ory were corrected for projection effects by as-
suming a radially orien[ed  magnetic field. The radial magnetic
field was used as a lower boundary condition for a potential scl-
lu[ion  in a spherical shell with inner radius al the photosphere
and ou[cr  radius of 2.5 solar radii. Abc)vc 2.5 solar radii, for
calculational  purposes, the “field is [ernporarily  assumed to be
all of(hc  same polari(y  and satisfy a potential solu[ion; to match
(he solutions above and below 2.5 solar radii the magnitude of
the radial component of the magnelic field is required to be con-
tinuous across the surface al 2.5 solar radii. After the solution
is obtained, [he actual polarity of the field based on the sign of
the radial field at the source surface is used in the outer region.
The procedure of having flux of only one polarity above the
source surface is equivalent to inserting a current sheet between
regions of inv~ard  and ou[w~ard flux  at [he Sun, and ensures tha[
far from the Sun the flux depends only on dislance from the Sun
(i.e., no latitudinal or longitudinal variations). This method of
assuming polarity reversal to obtain  a potcn[ial  solution with an
embedded current shcc[ was first used by Schat[cn ( 1971 ), and
is described clsewhcrc (Wang and Shecley 1988) in more de[ail
than here. 1[ is clear tha[ considerable assumptions are irrvolvecl
in such calculations, and the most robust method of estimating
\he expansion fac[or (and predicting the properties of the solar
wind) woulci bc an MHD calculation.

q“hc data in Fig. 5 show that the speed in [hc Nor[hcrn hcn]i-
sphcre at Ia[i[udcs greater than 40°was  typically abou[ I S-20
km/s Iargcr than (he spwl at comparable Southern Iali[udcs.  A
least squares fi[ of 12 hour averages of solar wirxi speed (no[
shtwvrr)  10 Iati[uclc over [hc range 40° LO 80 °rcsul[cd in a vcloc-
i[y cfiflcrcncc 0124 lm~/s al 40 °dccreasing  10 13 kn~/s al 80°.
Wang and Shccley ( 1990) established an obscrvatit~rral  inverse
m-rcla[ion tmwccrr lhc solar wind speed observed at I ALJ and
[he arcnl expansion I’xxor  in the inner worm as cs[irn:l[cd  l’rorn
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Fig. 5. Speed and coronfil expansion factc)r for [he Nor[hern  and Soutt)-
em hemispheres

magnetograph  dala and modeling. The data shown in Fig. 5 do
qualita[ive]y  agree with [his inverse relationship, The expan-
sion fidCtOr  is lower (higher) at higher (lower) latitudes, and the
velocity has the opposite behavior. Fur[hcr,  the high latitude ex-
pansicm fac[cm is lower in the Nerd) than in t}le Soulh, and tbc
veloci[y is higher in the North.

Tc) de~ermine  how well this a~recs with the full set of Ulysses
observations we show in Fig. 6 a plot of expansion fac[or as
a function of time for the entire mission. l’here is qualitative
agreement with an inverse correlation between expansion factor
and velocity. When Ulysses crossed the heliosphcric equator in
early 1995 the velocity was abou[  450 kntis  and the expansion
factor was es[irna[cd  to be about 10 to 12. Earlier in the mission
bcfcme  Ica\ing the eclip[ic  plane velocities of 450 lcrrtis were
also encc)un~ercd,  but the expansion factors during these times
were about a factor of two larger than the early 1995 value. A
sigrlifjcant distinction between the early 1995 and the earlier
in-ecliptic data is that LJlysscs was traveling rapidly in Iatitudc,
and lhc data are avera~ed  over a rotation to remove Iorrgituljinal
variations. Since the earlier data are more centered in [he current
s}]ee[, and [he expansion factor near the cur[en[  sheet varies
rapidly as a funelion ofla[itudc in this re~ion,  it is possible that
averaging the cxpansiorr  factor over the actual [rajcctory  rather
than [aking [he avera~e Iatiludc  for a particular rotation would
have increased somewhat the expansion factor estimated for [he
central part of the early 1995 equatorial crossing. Also, note that
the Ulysses data are averaged over mapped back Carring[on
Iongi[udcs from O“[o 360°. as are the expansion factors, bu[
bccausc  of the longitudinal difference bctwccn Ulysses and the
Iiar[ll  [he actual cen[rat tirnc of the intervals can bc different
by up [o half a solar ro[a[ion. “l’his explains why the expansion
factor values shown in Fi~ .5 for the Southcrtl hernisphcrc at
~$@,)nd  .~”are eql]al: th~ ~:]r[h-spa~ecra(t  ][)r)gi~udr  difference--.’

crossed  180°.
Fig. 7 displays expansion factor  as a function  of s{~lar wind

spud. It can be Seen Ihfit SM:I!I  val LIcs ()( the cxp;~nsi(m f:w[or
(Icss  then atroul 7) arc csccllcn[  prcdict(ws  ()( high s~~lar wind
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spculs  (>600  lords), but for larger expansion factors, although

Some properties of the SWOOPS expcrirncnt and the ion
{cmpcra[urc  cs[ima[cs are also significant. I“hc energy rcsolcr[ion
of the ins[rumcnt is 2.S7C AWE for an crrcrgy  step. Aldlough
indiviclua] spcclra  arc taken in two slep irrlervals,  by combining
temporally acfjacmt spectra an encr:y  resolution of 2.57c, or
1.25% in veloci[y  space. is obtained. For a solar wind beam
lravcling 750 kntis. and having a tcrnpcrature  of abou[ 1.4 10SK
at 2 AU, the [hermal  speed is about 6.4$2 of the bulk speed.
q’he [cmpcrature  in [he energy direction is tbcrcforc very well
resolved, wbcreas  in tbc angular direction our resolution is not
as good,  and Ieas[ squares fi[s tothedata  arcrcquired that are still
undcrdevclopmerrt.  So, in this study tbc radial component of the
temperature tensor is used as a proxy for the actual ternpcrature.
Wc have scarcbed  for any dependence of the radial component
of thr [cmpcra[ure  tensor upon the magnetic ficlcl direction, and
have not found any significant relationship. ~lis suggesr-s that
the dis[l ibu[ion is fairly isotropic and th:it our proxy procedure
is reasc~nablc.

3’0 invcs[igate variations [hat cicpend upon [hings other than
radial distance, it is necessary tc) remove radial ~’ariaticms  as
best possible. As [he solar wind tempcra[csre at high Iati[udes
is observed [o scale approximately as r-” 1, we scale \cnlPera-
turc by a fac[or of r. For[y-cigh[ hour averapes of the tempera-
ture (radial component of the tensor) Irlul[iplied  by r, distance
from the Sun in AU, are shown in Fig. 8 for high latitude solar
v.’ind  data wi[b Northern hemisphere \ralues bein~ denoted by
open boxes and Sou[hcrn  hemisphere values by open diamonds.
Since radial gradients are Imgcr than whatever latitudinal gradi-
ents might bc prcscn[. IO avoid biases the data were restricted to
the same range of dis[ances  from tbc Sun to (1.55 103.03 AU).
I’hc  clata were fit 10 pcwcr  laws;  temperature was found ICJ have
a power law dcpcndcnce  of r- – 103+ 003 in the Northern hen~i -
sphcrc and r - Os’: 002 in the Southern hemisphere. The formal
unccr[aintics  are calcula!rd  from a linear fit of Iog(?’) as a func-
tion of It):(r) with the power law index being the regression
coefficient fcjr [he fit. ‘l’he exwcssion for he uncer[aintv  in the

thelc is clearly a trend tov.’ard lcwer speeds, tbc correlation
.

re~ressiorr  coefficient (i. e., power law<n~cx)  as<u {ng a large

?becomes much more scattered and expansion factor dots nc)t nun~t)cr of san~Plcs,
,~,:>

;~, is given b ‘ (Udn@’u]e a d Kenda]] ~~

have much predictive value. Recent results (Wang et al. 1996) I 950)  Upowcrlowndtx  = r710g(7’)( 1 -  C - /2). }Iere,  s

from in-ecl~p[ic spacecraf[  measurements using daily averages denc)[cs s[anclard  de~,ia[ion,  and C is the correlation coefficient

also sbmv the same general trend and considerable scatter (tbcir between log(7’) and lo:(r).  The quoted uncer[ain[ies are ob-

Fiu. 6c). (. . ‘.tainccl assuming that the 48 hour averages used were s[a[istically. . w ,

S. I,atitudinal  and radial temperature variations

It has long been Icnown  thal ternpcraturc in the solar wind is
typically tori-cla[cd with the solar wind speed (Neugebaucr  and
Snyder 1966), (Strong et al. 1966), and comparing Figs. la and
Ic i[ is clear that this relationship holds for the fast Iati[crdc
wan, Since it was found that the speed over the Nor[h  pc~lc v.,as
larger than over [hc Scnrth  pole. onc might cxpcc[ a comparable
rcla[ionsbip  for Icmpcrtiturc.  However. Ulysses w’as closer [O
the Sun csvcr the North pole than the South, anti as solar wind
tcmpcralurc  cfccrcaws  with dis[ancc  from the Sun fur[bcr  in-
vcstigatiorr  is nccckd [o clctcrmirrc whether [his is a radial or a
Iali[udin:ll  graciicnl.

. . .
,“

. .

indcpcndcnt.  l’hc power measured in [he eclip[ic of solar wind
fluctuations bclc)w; 10“ ~ IIz is typically flat; li~is corresponds to
a sanipling  [irnc of six days. Since clur samples were two days
lcng~h. an alternative cstirnatc of [hcerror in the slopes would be
IO multiply [he above uncer[ain[ics  by 31/~. l.c., r– l.o~+oos in
the Nor[bcrn  hcrnisphcrc  and T-osla  00] in the Soulhcrn hcn~i-
spbcrc. Within 2 ALJ Ulysses measured a higher [cmpcrature
in (he Nor[hcrn  hcmisphcrc  than in [hc Sou[hcrn.  Fig. 9 shows
[cmptra[urc  as a funclic~rr  of solar w’inci speed I’hr [Iw high lati-
tude; it may hc no[cd tha[ for equal tcmpcra[urcs,  the plasnm  in
[hc Nor~h  is going about I ‘Yc tawr dran plasma in the Smstb.  To
clarify [hc cxtcn[ {o which dlc vcloci[y dcpcndcrrcc  accounts for
the ~kscrvc’d Icmpcraturt clifl’crcnccs. ww ~il lhc tcrnpcrature to
a Iincar funclion  of solar wind  speed. and uwl (I)c rcla!iorrship
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bc[wccn  temperature and veloci[y to see if lhe temperature dif-
ference bctwee.n (hc Nor[hem  and Southern hemispheres could
bc explained primarily in terms of a velocity difference. A plot
(nest shown) of {he temperatures correc[cd  for vcloci[y similar

rclalions}{ip, whereas for lower vclocilics q’ is bcllcr estimated
from the square of velocity (or perhaps the cube). Scaling the
I{clios ternpcra[ures  by a power law in T to I AU, [hey find that
for 1974 through 1976 (solar rninimurn) 1’ = s I IV -. I IB400,
where 1’ is (crnpcr;)lure  and V is solar wind speed, whereas we
find 7’ ~. 872V+ 2 ]6000 for data in [he range 700-850 kntis, and
S03V - 95200 using  data in the range 500-850 Ire/s (fits not
shown). I’his  Iat[er cs[ima(c is actually in very good agreement
with [hat of I.opcz,  and Freeman. However, if only the largest
velocities are used, [hen 7’ increases more rapidly with V than
if lower velocities were included in the estimates, Lopez and
Freeman invcsligatcd  a number of func[ion  forms for fitting T’
as a function of V. WC have scaled the Ulysses [empclatures
[o 1 AU using a pov.w  law c)f T -o ~1 chosen  as a con~pronlise
between [he Nor[hcrn and Southern hemisphere power laws.
Fits to Ulysses da[a similar to those of I.opcz. and Freeman are
shown in Table 1. Fits were done for the entire da~a set, all data
uilh  speeds >500 krrtis, ancl all data with speeds <500 krnls.
};or the complete data set the ntrmbcr  of averages was 310, and
the standard cicviation of the temperature before fitting  was 5.4
104K. Comparable va]ucs for vcloci[ics greater (less) than 500
km/s are 280 (21)  and 2.8 104 (4.2 104) K. Powers of 10 are
denoted by integers following 4 signs in the table. Twc) degrees
of freedom were used when corrlputing  standard deviation of
fitted data. For all the data, the exponential fit is worst than
[hc linear fit at the 97% confidence level. The other fi[s are
all statistically comparable. For high speed and low speed data
considcrccl  .scparam]y, all functional forlIls wcwk about as well
as each other. Freeman and Lopez found that for low speed
s[rcarns  the Iincar fit was worst, and for high speed streams the
exponcn[ial  fit was worst. LJlysscs is different [ban [hc in-ecliptic
da[a, wc believe, because most of ~hc data is ob{aincd at high
Iatitudcs and very high speeds, and [his part of the data, which
ex~endsovcrasrnall  range in velocity .contribu[es alargcan~ount
to [}]c [otal fluctuations. In otherwords.  we do not have enough
data spaced over a wide range in velocity to say much about the
functional form, F’rccrnan and Lopc7 also found that for a linear
fi[ of 7’ to V in [he slow speed wind the linear coefficient. was
504 K/(kntis), and in the high speed wind the cocfficien[  was
“170 K/( Knl/s), C)ur  results are 785 (slow wind),410 (fast wind),
and s03 (all d~a)  K/(lm\/s),  For the high Iati[udc data only (a

to I;ig. 8 resulted in the power law indices changing fr~rn -0.8
‘9

subse[  of thc~500 km/s wind), we f;nd 673 K/(kn]/s).  ~his . . ..A
and -1,03 to -0.85 and -1,01. CorleciinS for the expected ve- Iis ICSS than the 780 (North high Ia[itude)  and 876 (South hi~h <

Iocity dcpcndcnce thus leaves [he grea[e~part of the ~iffcrcnccs I }a[iludc) indicated in Fig. 9. There is a statistical uncertainty~f
between the two hemispheres unexplained.

It is also of irrtcrest to sce whe[her  the relationship that wc
obtained between vc]ocity and temperattrrc  is in agreement with
o[hcr work.  I,argc scale compressions in the solar wind may
aflccl the relationship bc[wccn speed and tcmpcraturc  in the
solnr wind (Gosling et 01. 1972): (Pizz,o et al. [973), find so
wc ~’rsmparc to kiclios  nnalyws (Lopez and Freeman 1986) as
Ihl’sc arc Itast ]ik’]y to be subjccl 10 compressive effects and thus of [hc form V = ,4 Y’/(?~”’r’) where the power low indices s
mos! directly comparable to Ulysses results. Lopez. and F-reeman and t were chosen to obmin lhc bcs[ possible fit IC) V. On this
invcs[iga[cd  a rlumbcr  of choices as to functional relationships tmsis, wc find that Y’/?I1/~ is well prcdicuxl by vcl(~city w i t h
br[wccn vclori[y and tcmpcra[urt.  and founcl  that for velocities >:,,()~)d ;l~ rcclllcn[  bc[wccn  estimates [~b[ainccl from the Nor[hcrn
grc,l[cr [Il:lrl s00 ~nl/s  bcsl results vwrc  csb[ainccl with a Iincar ( and  St)uthcrn  hcmis~hcrcs  (Fiu. 10). I’hc r:}(ii:ll (ien(.n(it.nr.ioc

abou[ 100 K/(kntis)  in tbcsc es[ima[es, and [hc rcrnaincler of the
dit’fcrencc is probably duc [o the different power law in r- used
for temperature scaiirtg  (r- ‘ vs. r- 09’) and conlbining  (rather
[ban kcpirrg  separate) [he Nor[hcrn  and Southern da[a,

Ii) dctcr]ninc  what parameter. it’ any does appear to be rcl-
o[ivc]y well prcdiclcd  by vcl(k’i[y. wc considered expressions

L. ~>g~ “
. . . . . . . . . . . . . . . . . . . . . . . . . .
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l’able 1, Fils of 7’10 V for various functional forms

i’unclion~l  [;orm

Ai l  dala:

o\ ’+lJ

(0 ~r + F

(al’ + b)2

(ah’ + 6)3/2
av’b
o cxp(\ ‘b)

1’> SOOkntisec:

o\f+ b
(01~ + f$
(al’+ 6)2
(u\’ + 6)3’2
[It’b
aexp(t’b)

1’ < 5ookntisec:

al”ib
(rIV + b)3
(n\”+ b)~
(al’  + b)~~~

U\’b

a exp(lrb)

Value of a
.—

503.

0.050
0.S76
5.85
6.93

3.81+4

410,
0,035
0.416
4.38
109.

754i-1

785.
,1~9

1,31
11.7

4.24- S
2,76+3

Smd. de.v.
Value of b of tits, K

-1.14+5 2.37+4
z62 2.4S+4
79.6 2.44+4

--285. ~,~~+q

1.59 2.42+4
2.56--3 2.55+4

z, 3)4+
- 4~9+4 &?T4

37.9 ~,3~+4
202, 2,32+4

-2,34+5 ~,s~

-9.00 2,5+-4
-245. 2.5+4

- 2.87+3 2,5+4
3.S6 2.5+4

8,29-3 ~.5+4

of 7’)~~1/z (nd[ shown) lead to power  law indices of -1.06 for the
Nor&rn hemisphere and -0.7”6 for the Southern hemisphere.

6. Summary and discussion

“1’hc large scale prc~pcr[ies of [he solar wind observed during the
fa~[ la[i[uclc scan were as expcc[cct  based on our previous obser-
vations of the solar wind in the ecliptic and [he earlier Ulysses
high Ia[i{ucic observations. During  solar minimum, [he currerr[
shcc[ is expected [o Iic close to dw heliographic equator, and one
wou]d cxpec[ [hc slow speed solar wind to bc confined to a nar-
row bcl[ near the cqua[orial  plane. This was in fact observed.
As wouid  bc cxpcc[eci  from Ihe typically observed an[icorre-
lation c)f dcnsily and veloci[y in the sc)lar wind, number ffux
is observed to be one of lhe rr)osl  WCII  preserved constants in
[he solar wind. The average momentum flux in the equatorial
legion was about 20% lower than [hat at high latitudes. indi-
cating the possibility [hat during solar minimum the heliopause
wcw]d tend to have a longer cxten[ in [he poleward  direction.
Nor[h-Sou[h  asymme[rics of [hc solar wind were observed. with
ihc higher spcc-d Nor[hern  solar wind being associated with a
smaller  cxpansimr factor as onc might expect.

Usct’ul quantita[i~c inlorma[iorr  on the radial gradients of

300 [“ S,ope  ,No;lh), ;43 - -  - - - -  _ _  _  _  _ _ _
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Fig. 10. T>,7L-  “2 for high lati[uclc and in-cclip[ic da[a as a function
of solar wind speecl

ature in the solar wind. ]-felios observations v,i[hin ] A[J are
we]! suilcd to comparison with Ulysses data, because shears
and compression regions are less highly developed in the inner
solar system than at 1 AU and beyond, and similarly these pro-
cesses are not so impor-tan[  for LJlysses  at high latitudes because
of the lack of large scale velocity shears  and compressions, The
Helios observations also included the period of solar minimum.
Dcternlina[ions of radial gradients (Schwenn  et al. 19SI ) usin~
Hclios 1 and Helios 2 lineups found that in high speed strcarn~
the plasma speed remained approximately constant and the ten~-

pera[urc  es[ima[ed using onc dimensional energy spectra, i.e.,
the radial component of the temperature tensor, decreased with
a power law cstirna[ed  as r-- 069 over the range 0.3100.7 A(J. In
contrast, they found that in the low speed wind (up to 400  kntis)

- I.? I F;or He]ios  in the inrtrxt h e  te.rripcrature  dccrcased  a s  r .
solar systen~, the radial component of the temperature tensor
is roughly equivalent to the parallel tenlpcrature. Using three
dirnensicmal  temperature analyses, (hflarsch  et al. 1982) found
tha[ for solar wind speeds of 700-800 km/s, the parallel corrlpo-
nenl of temperature dccrcased as r-”069  and the perpendicular

-1.17 For a nonco]lisional  model of the solarcomponent as r .
wind with adiabatic par[icle  motion, if the inter]  )lanctary mag-
ne~ic field were radial then the parallel Iempcraturc  would be
independent of radial distance and the perpendicular tempera-
ture wcmtd decrease as r--~. q’he Helios resul[s clearly indicate
that a great deal of hcatins of the perpendicular componen[ of
the temperature was occurring because the r-- ‘ }7 was consid-
er-ably larger than r-z, or [aken together the net decrease was
considerably less than the adiabatic value of -1.33.

In the case of the ~Jlysscs data. r-- 103 was found for [he
Northern hemisphere and r- ‘xl was found I’c)r the Southern
hcmisphcrc.  Ry assuming [hc Parker spiral angle  for the mag-
nrtic ficlct, on- cstirna[c  [hc l’roction of the con[ribu[ion  towprot(m ternpcraturc uerc also obtairwd,  and since these bear cm (hc obscrvm  f’, r

[

7

‘ mlponcnl  0! Icmpcraturc from [hc pnrallcl

[hc hca[ing  of [hc solfir wind w discuss them further. P r i o r contporrcn[  o mxsurc  tcmpcra~urc: at 1.55 AU the conlrilm -
workcrs have invcs[iga[ccl bo[h the radial gracficnts  of tempera ti(m in the Nordwrn  (Southern) hcmisphcrc is 0.83 (0.75). at 2.1
[urc, an incticator of the rate of in[crrtal  dissipation in the sol ALJ the contributions arc 0,9~ (0.95). at 2.8 ALJ arc 0.65 (0.8 l),
wind, ;Ind alSO the rcl:ltiorsship bctwccri  vc]ocity  a n d  tcmpe  - and aI 3.05 AU are 0.5 I (0.6 S). As the magnetic Iicsld  fluc[u-

7“4 TVI’
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ates considerably at higher latitude, il should not necessarily bc rizing the temperature resulls, things are much as expcc~cd with

. assumed tha[ [he fractional contributions based upon the spiral [hc biggest surprise (currcn[ly  not undcrsmod) bcin~ tbc differ-
--==> angle  arc rcalisiic. Wc have searched for a depcndcncc of l~r~
/

●

✎
☛
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upon [hc observed magnetic fickl direc(ion,  and although some
mctho~is of selecting ciata and comparing dam do show some
weak coricla[ions, no corrcla[ions of sufficient magrritudc tocx-
plcrin dw difference bctwccn  the Norlh  and South ternpcralure
gradients  arc readily apparent. If LJlysscs is observing primarily
~hc pfirallcl  component of temperature, then the Ulysses tcm-
pera[urc dccrcase is a sleeper power law than observed in the
parai]cl  componen[  of the llelios tcmpcraturc.  Al(crnativcly,  if
Ulysses observations reflect a mixture of parallel and pcrpcn-
ciicular components, tbcn the tcmpcra[ure dccreasc is probably
rougi]ly  cnmparablc to that obtained by combining the }IcIios
parallel and perpendicular temperature gradient  observations.
A possible explanation of our failure to find strong correlations
with ma.gnc[ic field direction is tha[ the temperature at high lat-
i[ucies is no[ too far from isotropic; however, some MI 11> scale
conflation bc{wccn magnetic field direction and tcmpcraturc in
the solar wind might also affect {he observations.

As {urbuiencc in the solar wind evolves, wave heating should
be Icss in[cnsc at grcaterdistanccs  in thesolar  system (1’u 1988).
Golds{ein  e[ al. (1995 )havecomparcd Helios and Ulysses turbu-
lence measurcmcn[s  and find that the [urbuicnce  is most evolved
as seen by Ulysses at 4 AU, is less evolved al 2 AU, and is least
of all evolved as seen al Helios. As a lCSS evolved turbulence
has more energy available to heat the plasma, a s[cepcr  radial
pra,dient of temper-ature seen at Ulysses than a[ Helios might
be cxpccte.d, and this is a possible interpretation of the data.
Quantitative verification of this possibility requires a better as-
sessment  of [be rcla[ive  parallel and perpendicular tcrnpcraturc
cmnponcnts, and estimate of (he actual heating rate from the
radial evolution of magnetic field pcwer spectra.

We can also compare our temperature gradients with [hose
reported in [be eclip[ic from previous observers. From Pioneer
IO and 11 data a power law of r-o’ was found over distances
from 1 to9ALl (Smith and Wolfe 1979). Gazis(1984)  using Voy -
agcr 1 data found a power  Iau’ behavior of roughly abou[ r–og
for plasma with velocities in the ran~c 500 to 8f)Okm/s  ovcrdis-
[anccs from 1 to 10 AU. Liu e[ al. (1995) using  LJlysses SWICS
ion mass spcc[romc[er  data over the range 1.S IO 5 ALJ found for
velocities grcalcr [ban 500kntisa  dependence of~- 09s, approx-

imately  in the same range of values as wc find at high latitude
(the average of-0.8 1 (South) and -1.03 (North) is -0.92). These
numbers are in gcrwral a bit ICSS s[ccp with radial distance than
the Ulysses nrrmbcrs,  but heatin~ from stream interactions ancl
s})ocks may bc affecting lhese in-ecliptic observaticms. There
arc further obvious comparison difficulties. For example. as is
apparcnl  in Fig. 4, Ihcrc is a lar~c gradient in the n~omentum

cnt radial tempcra(ure  gradients in the Nordwrn and Southern
hemispheres.
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